Interest in engineered nanostructures has risen in recent years due to their use in energy conservation strategies and biomedicine. To ensure prudent development and use of nanomaterials, the fate and effects of such engineered structures on the environment should be understood. Interactions of nanomaterials with environmental microorganisms are inevitable, but the general consequences of such interactions remain unclear, due to a lack of standard methods for assessing such interactions. Therefore, we have initiated a multianalytical approach to understand the interactions of synthesized nanoparticles with bacterial systems. These efforts are focused initially on cerium oxide nanoparticles and model bacteria in order to evaluate characterization procedures and the possible fate of such materials in the environment. The growth and viability of the Gram-negative species Escherichia coli and Shewanella oneidensis, a metal-reducing bacterium, and the Gram-positive species Bacillus subtilis were examined relative to cerium oxide particle size, growth media, pH, and dosage. A hydrothermal synthesis approach was used to prepare cerium oxide nanoparticles of defined sizes in order to eliminate complications originating from the use of organic solvents and surfactants. Bactericidal effects were determined from MIC and CFU measurements, disk diffusion tests, and live/dead assays. For E. coli and B. subtilis, clear strain-and size-dependent inhibition was observed, whereas S. oneidensis appeared to be unaffected by the particles. Transmission electron microscopy along with microarray-based transcriptional profiling was used to understand the response mechanism of the bacteria. Use of multiple analytical approaches adds confidence to toxicity assessments, while the use of different bacterial systems highlights the potential wide-ranging effects of nanomaterial interactions in the environment.
Interest in engineered nanostructures has risen in recent years due to their use in energy conservation strategies and biomedicine. To ensure prudent development and use of nanomaterials, the fate and effects of such engineered structures on the environment should be understood. Interactions of nanomaterials with environmental microorganisms are inevitable, but the general consequences of such interactions remain unclear, due to a lack of standard methods for assessing such interactions. Therefore, we have initiated a multianalytical approach to understand the interactions of synthesized nanoparticles with bacterial systems. These efforts are focused initially on cerium oxide nanoparticles and model bacteria in order to evaluate characterization procedures and the possible fate of such materials in the environment. The growth and viability of the Gram-negative species Escherichia coli and Shewanella oneidensis, a metal-reducing bacterium, and the Gram-positive species Bacillus subtilis were examined relative to cerium oxide particle size, growth media, pH, and dosage. A hydrothermal synthesis approach was used to prepare cerium oxide nanoparticles of defined sizes in order to eliminate complications originating from the use of organic solvents and surfactants. Bactericidal effects were determined from MIC and CFU measurements, disk diffusion tests, and live/dead assays. For E. coli and B. subtilis, clear strain-and size-dependent inhibition was observed, whereas S. oneidensis appeared to be unaffected by the particles. Transmission electron microscopy along with microarray-based transcriptional profiling was used to understand the response mechanism of the bacteria. Use of multiple analytical approaches adds confidence to toxicity assessments, while the use of different bacterial systems highlights the potential wide-ranging effects of nanomaterial interactions in the environment.
The physical and chemical properties of nanoparticles can vary significantly from those of their bulk counterparts. Unique properties, such as large surface area-to-volume ratios and the ability to selectively mediate chemical transformations, contribute to their usefulness as effective heterogeneous catalysts for fuel transformation, as novel probes for sensing and cell imaging, and as drug delivery agents. Nanoparticles associated with polymers, metal or metal oxides, liposomes, micelles, dendrimers, or metal sulfides are being considered for use in combating diseases such as cancer (12, 42) or fighting bacterial pathogens (30, 44, 46, 48) . Beyond biomedical applications, there are established uses of nanoparticles for industrial applications and commercial products. Cerium oxide (CeO 2 ) nanoparticles are a prime example of a metal oxide nanomaterial with multiple industrial and biomedical uses. It is used extensively as an abrasive in semiconductor manufacturing, as a component in catalytic converters for automobile exhaust systems, as a fuel additive to promote combustion, as a UV light absorber, and as an electrolyte for fuel cells (24, 25) . Recently, it has also been demonstrated that CeO 2 nanoparticles possess antioxidant activity at physiological pH values and therefore may be useful in biomedical applications for protecting cells against radiation damage, oxidative stress, or inflammation (38, 49a) .
The same properties that make nanoparticles useful in a variety of applications can potentially make them toxic and harmful to the environment. The potential toxicity of nanomaterials has been recognized (4, 6, 20, 32, 49, 51) , and reviews and perspectives are available (3, 16, 23, 32, 34) . Nevertheless, a better understanding of the risks associated with specific nanomaterials may reduce environmental damage or adverse health effects (15, 22) . While little is known about the environmental fate, transport, and accumulation of CeO 2 nanoparticles, they are produced at industrial scales for use as a diesel fuel additive (typically at a concentration 5 mg/liter) and as a polishing agent (35, 37) . The emergence of multiple, important applications for CeO 2 nanoparticles and increased industrial production will undoubtedly lead to environmental release of nanoparticles and has prompted increased research into their properties and potential toxicity to biological systems. Various efforts have led to seemingly different assessments. Park et al. described CeO 2 nanoparticles inducing oxidative stress in human lung epithelial cells (27) . In contrast, Schubert et al. reported that CeO 2 nanoparticles act as antioxidants and protect cells from oxidative damage (43) . Recent findings also suggest that pH and other factors may determine whether CeO 2 nanoparticles destroy or help cells (2) . Further complicating toxicity interpretations are the effects of the synthesis methodology; various manufacturing processes may incorporate additives, detergents, and solvent chemicals that are not completely removed from the final product. For example, C 60 was initially deemed to be toxic, but later studies indicated that remnants of tetrahydrofuran (THF) used in the synthesis of C 60 were responsible for the toxicity (18) . Thus, the apparent biological properties of nanomaterials may depend in part on other constituents present in the formulation. Commercial sources of nanoparticles often do not provide information regarding synthesis methods or the use of stabilizing/capping agents. Consequently, the findings of studies assessing the toxicity of nanoparticle suspensions may be difficult to interpret.
To date, the majority of studies regarding toxicity evaluations of metal oxide nanoparticles have involved the use of mammalian cells. Relatively fewer studies have focused on the effects of CeO 2 and other metal oxide nanoparticles on bacterial systems (20) . Thill et al. reported that commercial CeO 2 nanoparticles were toxic to Escherichia coli in KNO 3 solution due to an oxidative reaction when the nanoparticles adsorbed to the bacterial cell surface (51) . In contrast, investigations by other researchers concluded that there was no apparent bacterial toxicity due to CeO 2 nanoparticles (26, 52) . Differences in reported toxicity can be ascribed to many factors. These can include the origin of the materials used for their synthesis, the presence of stabilizing or capping agents, the chemical and physical properties of the nanoparticles, as well as the procedures employed to evaluate toxicity and can make it difficult to form conclusions. Therefore, the present investigation aims to evaluate different approaches appropriate for assessing bacterial toxicity using well-characterized materials and standard bacterial assay systems. Specifically, this study examines the effects of nanoparticle concentration, particle size, exposure time, growth medium, and pH on the growth and viability of E. coli, Bacillus subtilis, and Shewanella oneidensis. Additionally, studies that potentially reveal nanoparticle-bacterium interaction mechanisms are described.
MATERIALS AND METHODS
All bacterial strains used were wild-type strains purchased from the American Type Culture Collection, Manassas, VA (BD Biosciences, Franklin Lakes, NJ), namely, Escherichia coli (ATCC 700926), Bacillus subtilis (ATCC 6633), and Shewanella oneidensis (MR-1). All other chemicals used were of reagent grade and were from standard commercial sources.
Synthesis of cerium oxide nanoparticles. CeO 2 nanoparticles were synthesized through a modified surfactant and template-free synthetic route as described earlier (53) (see the supplemental material for details).
Physical characterization. UV-visible light absorbance measurements were recorded on a Cary 100 Bio spectrophotometer (Varian Instruments, CA) operated at a resolution of 1 nm. Dynamic light-scattering (DLS) and zeta potential measurements were performed on a 90 Plus/BI-MAS particle size analyzer (Brookhaven Instruments Corp., NY). For all experiments the nanoparticle suspensions were dispersed in Milli-Q water and sonicated for 5 min in a water bath sonicator at 40 kHz (model 2510; Branson Ultrasonic Corporation, CT). DLS was used to determine the hydrodynamic sizes and the point of zero charge (pzc) of the nanoparticle suspensions. The pzc is defined as the point where the electrical charge density on the surface of the nanoparticles is zero. Raman spectroscopy for the dried nanoparticle powder was performed on a Renishaw Raman spectrometer equipped with a Leica microscope and a 785-nm diode laser at a spectral resolution of ϳ2 cm Ϫ1 and a laser power of 20 mW. X-ray diffraction (XRD) measurements were performed on a Discover D8 X-ray diffractometer with a Xe/Ar gas-filled Hi-Star area detector and an xyz platform, operated at 40 kV and at a current of 40 mA. Transmission electron microscopy (TEM) measurements of nanoparticle samples drop coated on carbon-coated copper grids were imaged on a Hitachi HD-2000 scanning transmission electron microscope (STEM) operated at an acceleration voltage of 200 kV. TEM for the nanoparticle-treated bacteria was carried out by placing a 5-l droplet on the grid, incubating for 7 min, rinsing by plunging the grid into Milli-Q water, and air drying prior to imaging. For atomic force microscopy (AFM), 5-l samples were prepared from 1,000-fold dilutions of a 0.5% (wt/vol) nanoparticle stock in Milli-Q water, placed on freshly cleaved mica surface, and spread with a micropipette tip. AFM measurements were collected in air in contact mode with a PicoPlus atomic force microscope (Agilent Technologies, Tempe, AZ) using a 10-m scanning head at 512 pixels per line scan and a scan speed of 1 line/s. The cantilevers used were Veeco silicon nitride probes (MLCT-AUHW; Veeco, Santa Barbara, CA). Bacteriological toxicity assessment. (i) Disk diffusion tests. Bacterial sensitivity to different-sized CeO 2 nanomaterials was tested by disk diffusion tests as described by Ruparelia et al. (41) . Small Whatman filter paper disks of uniform size (diameter, 6 mm) were placed separately in each of the four prepared 0.5% (wt/vol) CeO 2 nanoparticle suspensions for 5 min; the disks were carefully removed using sterile forceps. After the bacterial suspension (100 l of 10 4 to 10 5 CFU ml Ϫ1 ) was uniformly plated on LB agar plates, a disk containing nanoparticles was placed at the center of each plate and the plate was incubated at 37°C for 18 h. The average diameter of the inhibition zone (DIZ) surrounding the disks was measured to determine inhibition.
(ii) Determination of MIC. The MIC, defined as the lowest concentration of a compound that inhibits the growth of an organism (39), was determined for E. coli in LB medium at pH 7.2 and in M9 minimal medium (21) at pH 6.4, 7.2, and 7.8. B. subtilis was tested in LB and minimal media (47) at pH 7.2, and S. oneidensis was tested in LB and HBA minimal media (13) at pH 7.2. Reactions were carried out in test tubes containing 5 ml of the logarithmic-phase (ϳ0.098) bacterial cultures and different-sized CeO 2 nanoparticles at various concentrations (50, 100, and 150 mg/liter). Tubes with sterile media containing no nanoparticles or nanoparticles only served as controls. Samples were incubated on a shaker (200 rpm) at 37°C (E. coli and B. subtilis) or 30°C (S. oneidensis), with growth monitored by obtaining measurements of the optical density at 600 nm (OD 600 ) every 30 min for 8 h.
(iii) CFU measurements. Studies of E. coli and B. subtilis viability were performed in liquid cultures at a nanoparticle concentration of 100 mg/liter. Aliquots were taken at 0, 1, 5, and 24 h and serially diluted in the appropriate minimal medium, and the dilutions were plated on LB agar plates. After overnight incubation at 37°C, the numbers of CFU were counted manually.
(iv) Live/dead viability assay. E. coli and B. subtilis cultures grown to logarithmic phase in M9 medium and B. subtilis minimal medium, respectively, were treated with different concentrations (50, 100, and 150 mg/liter) of CeO 2 nanoparticles. Following exposure, the impact on bacterial membrane integrity was assessed using a live/dead BacLight bacterial viability kit (Invitrogen) as instructed by the manufacturer. To quantify the relative numbers of live and dead cells, the relative fluorescence intensities were measured using a fluorescence plate reader (excitation at 485 nm, emission at 525 and 625 nm).
(v) Monitoring superoxide production. Superoxide production upon exposure of bacterial suspensions to various concentrations of CeO 2 nanoparticles was monitored by following the absorbance at 470 nm due to the reduction of 100 M 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) to XTT-formazan by superoxide (O 2 Ϫ ) (11, 29) . (vi) Microarray hybridization and analysis. For microarray experiments, an overnight E. coli culture was used to inoculate 250-ml flasks containing 100 ml of prewarmed M9 medium to an OD 600 of ϳ0.1 and incubated at 37°C with shaking at 200 rpm until mid-log phase (OD 600 , ϳ 0.5). Cultures were treated with either prewarmed CeO 2 nanoparticles (100 mg/liter), cerium chloride (50 mg/liter), or Milli-Q water. After 1 h, cells were harvested by rapid centrifugation (5,000 ϫ g, 2 min at 4°C) and snap-freezing in liquid N 2 . Three separate controls and three experimental cultures were examined for each condition. Total cellular RNA was isolated as described earlier (8) , except that the cells were first resuspended in TE (Tris-EDTA) buffer and incubated with 1 mg/ml of lysozyme to lyse the cells. Purified, fluorescently labeled cDNA was hybridized to E. coli K-12 gene expression 4-by-72 K arrays (Roche NimbleGen, Madison, WI) using a Nimblegen hybridization system (BioMicro Systems, Inc., Salt Lake City, UT), according to the manufacturer's instructions. Microarrays were washed according to the array manufacturer's procedure. Briefly, microarray mixers were removed in 42°C Nimblegen wash buffer I and then washed manually in room temperature buffers: wash buffer I for 2 min, wash buffer II for 1 min, and wash buffer III for 15 s.
Microarrays were dried for 80 s using a Maui wash system (BioMicro Systems, Inc.) and then scanned with a Surescan high-resolution DNA microarray scanner (Agilent Technologies, Santa Clara, CA), and the images were quantified using Nimblescan software. Raw microarray data were log 2 transformed and imported into the statistical analysis software JMP Genomics (version 4.0; SAS Institute, Cary, NC) as described previously (54) . Microarray data were normalized using the Lowess normalization algorithm within JMP Genomics, and an analysis of variance (ANOVA) was performed to determine significant differences in gene expression levels between conditions and time points using the false discovery rate testing method (P Ͻ 0.01).
RESULTS AND DISCUSSION
Synthesis and characterization of CeO 2 nanoparticles. CeO 2 nanoparticles of various sizes were synthesized and characterized in terms of their morphologies, dimensions, and surface charges. A hydrothermal synthesis approach was used (53) . This approach enables the synthesis of nanoparticles of different sizes without changing the reagent set or using detergents and organic solvents that could potentially interfere with toxicity assessments. Batches of CeO 2 nanoparticles with nominal sizes of 6 Ϯ 3.5, 15 Ϯ 4.3, 22 Ϯ 5.7, and 40 Ϯ 10 nm (as measured by electron microscopy) were prepared, in order to assess potential size-dependent interactions with bacteria, and were designated samples A, B, C and D, respectively.
Accurate sizing of the nanoparticles was determined using a range of techniques, including DLS, TEM, and AFM. The results are summarized in Table 1 and varied depending on the technique used. By TEM, the average length of the long and short axes of the particles increases from samples A to D (Fig.  1) . The standard deviation in size distribution is fairly consistent, and each sample contains a distinct range of particle sizes, as illustrated by the histogram (see Fig. S1 in the supplemental material). The smallest particles (sample A) were more or less square shaped, with a few ovoid particles (Fig. 1a and e) . The B sample contains a preponderance of circular and ovoid shapes. Additionally, edges are often apparent on the ovoid particles and a few cuboidal particles are evident (Fig. 1b) . The C sample contains ovoid along with rectangular and triangular particles (Fig. 1c) . AFM deflection images of these particles begin to reveal multiple-step edges in the particles that may be breaks in the crystal planes or simply clumps of particles (Fig.  1g) . Also, single particles appear to have long and short axes consistent with the TEM images. Sample D, containing the a For dynamic light scattering measurements, average particle sizes were determined from three separate experiments. For TEM and AFM measurements, average particle sizes were determined by counting ϳ100 particles from more than three different images. largest particles, continues this trend and displays a variety of different particle shapes (Fig. 1d) . AFM topographic images also show a range of heights among the four particle preparations. The size distribution values obtained by AFM differed significantly from the TEM data, which can be partially attributed to complications due to the scanning probe tip. Height measurements by AFM can be accurate, while lateral measures can be difficult to determine accurately due to convolution by the scanning probe tip; however, relative differences in length can be resolved by using the same probe tip. Between the different sample sets, differences in the length measurements of the long axes are slightly larger than the differences between the values obtained by TEM. These differences are likely attributed to difficulties in clearly assigning particle edges by either technique. Nevertheless, AFM-based height measurements of the different samples are consistently less than the long-axis measurements observed by TEM. Height measurements are difficult to obtain from TEM images. Therefore, from the combined AFM and TEM analyses, we conclude that the majority of particles in samples A, B, and C range from spherical to flattened square and ovoid or capsular structures, while sample D consists of larger crystals with greater shape heterogeneity.
The particles appeared much larger by dynamic light scattering than by TEM and AFM (Table 1 ). This size difference can be attributed to particle clumping in the DLS data, while EM and AFM allow latitude for eliminating clumps of particles from the analysis. The EM images (Fig. 1) showed crystalline particles, which are also confirmed by X-ray diffraction data (see Fig. S2a in the supplemental material) and are consistent with the reported peaks of pure CeO 2 (14) . Further, Raman spectroscopy measurements (see Fig. S2b in the supplemental material) agree well with literature values for pure CeO 2 nanoparticles (36) .
The CeO 2 nanocrystals were further investigated for surface charge, hydrodynamic size, and size distributions under various pH conditions using DLS. The CeO 2 nanocrystals exhibit a pzc at pH 8.0 (Fig. 2a) , which is consistent with reported values of pH 8.1 (10) , implying that they are positively charged under acidic and neutral pH conditions (pH Ͻ 8.0) but become negatively charged at pH values above 8.0. Our results suggest that the pzc for the four samples of nanocrystals is not size dependent. The pzc shifted to a lower pH value (at a pH of ϳ6) in the M9 minimal medium used for the E. coli growth studies and can be attributed to the adsorption of anions in the relatively-high-ionic-strength solution.
The stability of the CeO 2 nanocrystals was studied in water and the different minimal media used for bacterial growth, as aggregation behavior can potentially affect nanoparticle-bacterium interactions and therefore toxicity. As expected, at pH values near the pzc, the nanocrystals aggregated, as revealed by an increase in hydrodynamic size (Ͼ500 nm) in all the different media tested (Fig. 2b) . The hydrodynamic sizes of all four samples of nanocrystals increased as the pH increased up to ϳ8 in water and decreased at higher pH values due to surface charge reversal. In M9, HBA, and B. subtilis minimal media, the aggregation was greater near the pzc (pH 6), and even at pH 7.5 and 8.5, the measured hydrodynamic size was Ͼ300 nm (see Fig. S3 in the supplemental material). The tendency of small particles to aggregate in a given medium depends on properties such as particle concentration and composition of the medium, including ionic strength and salt concentration (17, 31) .
Overall, the physical characterizations of the different CeO 2 nanoparticles indicated heterogeneities and chemical properties associated with the samples that may need to be accounted for when toxicity data are interpreted. Clearly, even with refined synthesis procedures, a range of physical structures is present. These structures may have different biological reactivities that can complicate interpretations. Further, the pzc of the particles is near neutral pH values and can cause the particles to agglomerate at pH values optimal for bacterial growth. This pzc can also shift in the different media used for bacterial growth, indicating the presence of other medium components competing for particle binding sites. For the three bacterial species that were evaluated, the observed growth inhibition trends were similar for all assays performed ( Fig. 3; see Fig. S4 in the supplemental material) . Further, in cases where growth inhibition occurred, bacterial growth rates depended on nanoparticle concentrations in the range of 50 to 150 mg/liter. It should be noted that the DIZ assay is prone to artifacts arising from factors such as the diffusion rate, particle adsorption to the disk, and the hydrophobic/hydrophilic nature of the particle. Nevertheless, the live/dead staining assay results and the CFU measurements agreed qualitatively with the trends observed by the disk diffusion assay (see Fig. S4 in the supplemental material) . While the overall trends between assays were similar, differential effects between test organisms were observed. For S. oneidensis, none of the nanoparticle samples showed growth inhibition (data not shown). In contrast to E. coli and B. subtilis, S. oneidensis incorporates metal reduction into its metabolism and may in general be more resistant (5) to metal oxide nanoparticles than E. coli and B. subtilis. With E. coli, growth inhibition decreased as the sample size increased for samples B, C, and D, while the smallest particles had little affect (Fig. 3) . The reverse trend was observed for B. subtilis. The sample B particles had no significant affect on the organism, while the sample A, C, and D particles exhibited inhibitory growth effects (Fig. 3) .
To further investigate this difference in the antibacterial potential of the various CeO 2 nanoparticles, MIC assays were carried out for E. coli, S. oneidensis, and B. subtilis in complex or minimal media. In LB medium, neither E. coli nor B. subtilis was inhibited during log-phase growth for any concentration or size of nanoparticle (data not shown), in agreement with the results from Thill et al., who suggested that interactions between the nanoparticles and the organic material in the LB medium render the nanoparticles inert to E. coli (51) . However, some samples of the particles inhibited growth of E. coli and B. subtilis in minimal medium, with inhibition being concentration dependent (Fig. 3b to e) .
The differences in the reactivities of the nanoparticles to the bacteria may be a result of the morphology of these particles or the greater ratio of surface area to mass that occurs as particle size decreases. The smaller particles tend to agglomerate to a greater extent, which may lead to different binding characteristics. Also, particles with uneven and rough surfaces or with irregular shapes have corners and edges that can be biologically and chemically reactive. Atoms at these locations have a lower bonding coordination (weaker bonds) than bulk atoms and therefore bind to foreign molecules more efficiently (40, 50) .
Another origin for differences in reactivity can be the medium. For example, the medium pH can alter nanoparticle surface charge and thus adsorption affinity of the particles toward the bacteria. However, changes in the medium pH across the range of 6.9 to 7.8 did not alter the effects of the nanoparticles on bacterial growth (data not shown). Although pH can alter the surface charge of the CeO 2 nanoparticles and potentially the adsorption affinity of the nanoparticles toward the bacteria (2), the buffering range of the minimal medium and the inability of the bacteria to grow at extreme pH ranges limited experimental evaluations. Above pH 7.8, elements in M9 medium began to precipitate, and at pH values below 6.4, the medium lost its buffering capacity.
Certainly, other factors besides nanoparticle size, such as surface area, bioavailability, particle aggregation, structural distortion, and growth medium can impact nanoparticle inhibition/toxicity. Others have also observed a difference between E. coli and B. subtilis in their reactivities to nanoparticles. When the toxicities of TiO 2 , SiO 2 , and ZnO particles on E. coli and B. subtilis were compared, greater antibacterial activity toward B. subtilis than toward E. coli was observed (1). While the mechanistic bases for differences in reactivity between E. coli and B. subtilis are still obscure, one could hypothesize that these differences are due to (i) differences in membrane surfaces, (ii) metabolic differences, and (iii) potential effects on spore formation in the case of B. subtilis. However, no differences in B. subtilis sporulation were observed upon microscopic examination of cells with or without nanoparticle exposure. Clearly, bacterial interactions with nanoparticles can vary across a spectrum of responses, requiring a better understanding of the molecular mechanisms involved. However, the multiple measures of bacterial growth and viability in the presence of the different sizes of CeO 2 nanoparticles reveal both consistent and conflicting trends that caution the application of general conclusions regarding bacterium-nanoparticle interactions. It appears that the presence of CeO 2 nanocrystals can inhibit the growth of some bacteria, but the material is not necessarily bactericidal and the growth of both E. coli and B. subtilis was inhibited in a concentration-dependent manner.
Mechanistic investigations of bacterium-CeO 2 interactions. Imaging experiments and molecular analyses were performed to evaluate the molecular mechanisms that underlie the bacterial response to the CeO 2 nanoparticles. These assessments focused on the effects of the B sample of the CeO 2 nanoparticles on E. coli due to its demonstrated inhibition of cell growth. An analysis of the molecular mechanisms can ultimately be used to classify bacterial response mechanisms. To assess direct interactions between the sample B CeO 2 nanoparticles and E. coli grown in M9 medium, STEM imaging experiments were performed (Fig. 4) , and the findings suggest that the nanoparticles adsorb to but do not penetrate the bacterial cells. Additionally, clusters of particles are seen, consistent with the light scattering-based characterizations (Fig.  2b) . The imaging results also agreed with those reported by Thill et al., who suggested that the adsorption of nanoparticles to the bacterial cell walls accounts for their deleterious effects (51) .
For elucidation of potential molecular mechanisms, two basic approaches were investigated: a directed approach that assessed putative response mechanisms and a discovery-based approach that employed microarray technology to identify the genetic response of E. coli to the nanomaterial. Reactive oxygen species generation has been implicated in the toxic response of a number of biological systems to nanoparticles (11, 29) . The presence of superoxide was examined using an XTT assay, which yields a colorimetric signal when XTT is reduced (27) to antioxidant and protective responses (43) has been described for CeO 2 nanoparticles in different systems. The origins of these differences are difficult to ascertain, but they do highlight the need for well-characterized nanoparticles and well-controlled studies.
Growth and viability assays involving cerium chloride and E. coli were also evaluated. A clear concentration-dependent response was observed between 25 and 150 mg/liter of CeCl 3 (see Fig. S6 in the supplemental material). A growth-inhibitory effect that is not lethal has been observed previously (20) . Ingram examined the effects of salts, including CeCl 3 , on B. subtilis respiration rates and concluded that the inhibition of respiration was likely due to the cations, not anions. He suggested that CeCl 3 was a more potent inhibitor than inhibitors of mono-or divalent metals (19) . Sobek and Talburt found cerium [as Ce(NO 3 ) 3 ] bound rapidly to E. coli and altered the cellular composition of protein and lipid fractions compared to their compositions in untreated and NaNO 3 -treated cells (45) . They demonstrated oxygen uptake inhibition in Ce(NO 3 ) 3 -treated cells.
For discovery of genetics-based response mechanisms, the global transcriptomics of E. coli after exposure to CeO 2 nanoparticles was assessed using whole-genome microarray analysis, and the results were compared to those of treatments with cerium chloride or water. In the microarray experiments, there was only a slight impact on cell growth and no appreciable differences in culture responses to the respective treatments (see Fig. S7 in the supplemental material). Overall, 144 genes were identified to be differentially expressed at statistically significant values [Ϫlog 10 (P) Ͼ 3.8] in an ANOVA model using a stringent false discovery rate testing method (␣ ϭ 0.01). Of these genes, 62 showed 2-fold or greater differences in relative gene expression for all the pairwise comparisons ( Fig. 5 ; see Table S1 in the supplemental material).
Further analysis of the microarray data indicated that the cells treated with CeO 2 nanoparticles or CeCl 3 had higher levels of cydAB transcripts than the controls ( Table 2 ). The expression of cydAB is known to be induced by iron limitation (9) and oxidative stress exposure (28) . The increased abundance in transcripts encoding NirD and the high-affinity terminal oxidase cytochrome bd-I used under microoxic conditions, with the concomitant low levels of expression for the succinate dehydrogenase and cytochrome b terminal oxidase genes, was indicative of cerium (in either nanoparticle or ionic form) disrupting E. coli respiration, iron limitation, or oxidative stress (Table 2) . Consistent with the interpretation of the cerium salt exposure data (45) , the presence of cerium alters electron flow and respiration of E. coli ( Table 2 ). The groES and sodA genes showed higher expression levels following treatment with water than with either of the other two treatments, indicating that the latter two treatments did not elicit major oxidative stress responses under the conditions used in this study. This observation is in agreement with the results of the XTT assays, which showed no detectable superoxide.
A proportional Venn diagram analysis (Fig. 5) showed that many of the iron uptake genes responded significantly in the nanoparticle treatment compared to the water treatment, while the cus operon responded significantly in both the CeO 2 nanoparticle and salt treatments compared to the control treatment. There was no significant differential gene expression from these loci when the CeO 2 nanoparticle and salt treatments were compared (see Table S1 in the supplemental material). Eight genes (rnt, thiS, cysW, yciW, cysI, ilvG, cysN, pyrB) were significantly differentially expressed between the CeO 2 nanoparticle and salt treatments (Fig. 5 ). The majority of these genes are involved in sulfur metabolism and, like other related genes, such as cysD and cysJ, responded to other treatments. A number of previous studies have shown relationships between genes involved in sulfur metabolic processes, iron uptake, respiration, and different stress responses (7, 8, 55) . Collectively, the transcriptomic results of the present study are indicative of a mild, general stress response and a highly interrelated, complex, and coordinated gene regulatory network response.
Conclusion. The increasing use of nanoparticle-based products emphasizes the need to understand interactions between these materials and living systems and the need to standardize methods for toxicity assessments. The present investigation examined the potential toxicity of engineered cerium oxide nanoparticles in relation to their size on different bacteria. The importance of using well-characterized nanomaterials of a known synthesis route has been highlighted. Cerium oxide nanoparticles showed growth inhibition toward E. coli and B. coli and the B sample of cerium oxide nanoparticles at different magnifications. The images shows the results of incubating nanoparticles with logarithmic-phase growing bacteria for 30 min at 37°C with shaking, followed by placing a droplet on the EM grid for 7 min, rinsing in water to remove unbound bacteria and particles, and imaging. Particles apparently stick to the bacterial surfaces but are not internalized by E. coli.
FIG. 5. Proportional
Venn diagram analysis of significant differentially expressed genes. Nano-Control, sample B CeO 2 nanoparticleMilli-Q control differences; Nano-Salt, sample B CeO 2 nanoparticleCeCl 3 control differences; Conrol-Salt, Milli-Q control-CeCl 3 control differences. For a complete list of genes within categories A to G, see Table S1 in the supplemental material. The observed size-dependent response may result from size-dependent characteristics of the cerium oxide nanoparticles and/or metabolic characteristics of the different organisms. However, the role of the different media used to grow these bacteria and the interactions of the nanoparticles with these media must be considered when a bacterial response is assessed. In contrast, S. oneidensis growth was not inhibited by the cerium oxide nanoparticles. Collectively, these results suggest that nanoparticle interactions with bacteria can vary. Redundant measures of bacterial growth and toxicity in the presence of the different materials support this observation. Further investigation into the mechanism of growth inhibition for E. coli showed that nanoparticle-bacterium interactions likely occur and that a general stress response was elicited. Extending this general approach of using well-characterized materials, multiple organisms, and measures of growth and viability to other nanomaterials will be important for understanding the interaction of nanomaterials with living systems and for interpreting the effect and eventual fate of engineered materials in the environment. 
